Human tool use is complex, and underlying neural mechanisms seem to be widely distributed across several brain systems; however, neuroimaging studies of actual tool use are rare because of experimental challenges hindering detailed analysis within one acting subject. We developed a "Tool-Carousel" that enabled us to test actual manipulation of different objects during fMRI and investigate the planning and execution of goal-directed actions. Particularly, we focused on the effects of three factors on object manipulations: the type of object manipulated, the type of manipulation, and the hand to be used. The main focus lay on the question of how complex object use compared with unspecific actions are processed and especially how such representations interact with the knowledge about the object in the action-related dorsal stream. We found that object manipulations with both right and left hand recruit a common network strongly lateralized to the left hemisphere especially during planning but also action execution. Specifically, while activity in the ventral stream was involved in processing semantic information and object properties, a dorso-dorsal pathway (i.e., superior occipital gyrus, superior parietal lobule, and dorsal premotor area) was relevant for monitoring the online control of objects and also a ventro-dorsal pathway (i.e., middle occipital gyrus, inferior parietal lobule, and ventral premotor area) was specifically involved in processing known object manipulations, such as tool use. Data further indicate an interaction of ventral stream areas, such as middle temporal gyrus and lateral occipital complex, with both dorsal pathways. These results provide evidence for left-lateralized occipito-temporo-parieto-frontal network of everyday tool use, which may help to characterize specific deficits in patients suffering from apraxia.
Introduction
Using a tool is a natural action we as humans know by heart from our everyday life to interact with our environment. Studies have focused on viewing, recognizing (Beauchamp et al., 2002; Johnson-Frey et al., 2003; Vingerhoets, 2008) , imagining (Grèzes et al., 2003; Boronat et al., 2005; Vingerhoets et al., 2009; Wadsworth and Kana, 2011; van Elk et al., 2012) , and pantomime tool use (Moll et al., 2000; Johnson-Frey et al., 2005; Hermsdörfer et al., 2007; Kró liczak and Frey, 2009; Vingerhoets et al., 2011) . Because of the variety of tasks, the neural activation patterns vary, but several brain areas show consistency. The middle temporal gyrus (MTG) for coding semantic information, the supramarginal gyrus (SMG), the anterior intraparietal area (AIP), and superior parietal lobule (SPL) for processing tool use knowledge for grasping and manipulating tools plus the ventral and dorsal premotor areas (PMv, PMd) for executing motor plans, seem to be core regions for conducting actions with objects and tools (for review, see Lewis, 2006) . To understand the neural principles of tool use, we think it is necessary to analyze object manipulation as realistically as possible. A few studies have analyzed actual tool use but did not include visual feedback (Hermsdörfer et al., 2007) or were restricted to only a small selection of tools not reflecting the variety of tools known from daily life with familiar size and corresponding object (Inoue et al., 2001; Imazu et al., 2007; Valyear et al., 2012; Gallivan et al., 2013a) . Prior knowledge about the manipulated objects (Vingerhoets, 2008) , the task Gallivan et al., 2013a) , and which hand is used to perform the action (Hermsdörfer et al., 2007; Kró liczak and Frey, 2009) seems to influence the mentioned neural network, but how exactly the network is affected by these three factors during planning and executing real actions with objects and especially real tools is yet not fully understood.
To address this gap, the main goal of this study was to analyze the action network under utmost realistic conditions, by investigating planning and executing actual object manipulation. Three factors influencing the network recruited for processing goal directed actions were addressed: the type of object being manipulated, the type of manipulation performed on the object, and the hand used. First, we aimed to define the neural network that is more relevant for planning and executing actions with tools com-pared with neutral objects. Second, the neural correlates for the online control of complex functional actions with objects compared with nonfunctional actions were of interest. A special focus laid on the neural underpinnings selective for known tool use. Third, we looked at the structure of the action network while using the dominant compared with nondominant hand and also described the networks with respect to its laterality. The application of a so-called "Tool-Carousel" made it possible to present a variety of actual objects with spatial and temporal precision in the MRI scanner and measure functional images while participants performed real actions.
Materials and Methods
Participants. Twenty healthy participants (9 males) participated in the fMRI experiment. Three had to be excluded (1 male and 2 female) from further statistical analysis because of strong head movements (head motions exceeded 3 mm in translation and 3°in rotation). The group of participants who were included in the analyses had a mean age of 25 years (age range, 21-28 years). All had normal or corrected-to-normal vision, no history of neurological or psychiatric disorders, and were righthanded, as measured by the Edinburgh Handedness Inventory (Oldfield, 1971) . The study was approved by the local ethics committee.
Experimental setup and design. To present the experimental stimuli, a so-called "Tool-Carousel" (Fig. 1A) was installed above the hips of the participants while lying in the MRI scanner. This setup is comparable with the "Grasparatus" from Culham et al. (2003) , a device for fMRI experiments, which makes it possible to present real reachable and graspable objects in the MRI scanner.
The "Tool-Carousel" had a diameter of 65 cm and six compartments, which could hold exchangeable mountings for a variety of objects and could be turned around its central axis. It was placed on a table with adjustable height. It was ensured that all participants lay comfortably and could easily reach for the stimuli in the compartments with both right and left hand. The upper arms of the participants were placed on cushions and fixated with a belt to allow easy access to the "Tool-Carousel" while preventing movements of the upper arm and shoulder. The heads of the participants were fixated in the MRI coil with a special set of pads minimizing head motion. A two-mirror system was placed on top of the head coil, which enabled the participants to see the "Tool-Carousel" and their hands (Fig. 1B) . The mirror system provided a clear image of the whole compartment with the object. Each compartment of the "ToolCarousel" was separated by a partition, so only one compartment at a time could be seen by the participant. A mirror system was used to view the workspace because tilting the coil and providing a direct view on the "Tool-Carousel" was not possible in our experimental setup. Additionally, keeping a tilted head position for the whole experiment (i.e., ϳ90 min) seemed to be very uncomfortable for the participants. We consider any bias on the resulting task comparisons due to the visual transformations negligible because all conditions included these transformations and any constant effects should be canceled out.
In general, the experiment comprised three different experimental manipulations with two possible variations each. The first two included the object type and the type of action done with the object. The resulting Figure 1 . A, The "Tool-Carousel" with six compartments and mountings to hold the tools. B, The experimental setup: a, "Tool-Carousel"; b, adjustable table; c, two-mirror system attached to the head coil; d, visual path to field of vision; e, shoulder belt; f, arm rest. C, Illustration of the four experimental conditions: tool use, tool transport, bar use, and bar transport. All four conditions are performed with the right hand in one and with the left hand in the other run. D, Time course of a trial. Each trial consists of a planning phase (2-6 s long), an execution phase (4 s long), and a return phase (2 s long). In no-action trials, no green light appears; and in action trials, a green light triggers the start of the action. The return phase started when the green light was turned off. No-action trials were used to analyze the planning phase and action trials for the execution phase. E, An exemplary selection of the used stimuli in the experiment; shown are the pen, screwdriver, and spoon and the matched bars.
experimental conditions were randomized on a trial-by-trial basis within subject. The hand used to do the tasks was the third experimental manipulation and did not vary within both of the two runs the participants had to perform. The order regarding which hand was the first to be used during the experiment was randomized across participants. A more detailed description of the different experimental conditions is presented in the following paragraphs.
Two different categories of stimuli were presented during the experiment: tools and neutral objects. The tool set comprised 10 different tools regularly used in daily life (hammer, pen, tweezers, scissor, knife, spoon, screwdriver, key, lighter and bottle opener). The other set of stimuli included 10 differently colored and shaped neutral objects. The neutral objects were mainly bar-shaped; for simplicity, we hereinafter call the neutral objects "bars." To reduce visual and tactile differences between the two stimuli sets, the bars were designed to match the different tools from the first stimulus set as much as possible. The handle of the bars had different shapes (e.g., a small diameter matching the pen or a flat shape matching the nonfunctional part of the spoon and knife). Additionally, the handles of the bars were colored to match the tools. Figure 1E shows examples of three tools and the matched neutral bar-shaped object. One side of each bar was marked in blue. All tools had matching mountings to hold the tool and a tool-specific recipient (nail for the hammer, paper for the pen, cotton ball for the tweezers, string for the scissor to cut, piece of bread for the knife, cup for the spoon, rotatable screw for the screwdriver, keyhole for the key, candle for the lighter, and a bottle with crown seal for the bottle opener). All tools were fully functional with respect to the manipulation (e.g., the screw was placed in a winding and could be turned by the screwdriver, the key fit in the keyhole and was rotatable). Goal attainment was functional in some but not in all actions (e.g., the pen left a trace on the sheet of paper, but the nail did not move into the material during hammering and the lighter did not produce a flame due to security reasons). Therefore, our study addresses the neural correlates of actual tool manipulation but does not intend to reflect representations of goal attainment. In case of the bars, a blue marked opening was placed at the bottom of the mounting, in which the blue end of the bar was to be inserted. All components of the "Tool-Carousel," as well as all objects, were made of plastics. fMRI compatibility was verified in test scans.
The task was to either use the different objects or to transport them, the latter meaning to grab and lift the object and return it to the mounting. The participants had to perform two runs of functional MRI: one in which they had to use the dominant right hand and the other in which they had to use the nondominant left hand. The order in which the hands were tested was randomized across subjects. In case of the tools, the action typical for the tool should be performed by the participant (e.g., hit the nail with the hammer, write with the pen on paper). To be used comfortably, each of the tools required a different tool-specific functional grip and movement (e.g., grasping the hammer at the handle and move it up and down to hit the nail). The tools were placed in a way that the action could be performed promptly without additional adjustments of the grip (the handle of the tool was placed to the right while the participants used the right hand and left while they used the left hand, respectively). To use the bars, the participants had to put the blue marked end of the bar into the blue opening on the bottom of the mounting (Fig.  1C) . Dependent on the placement of the marked end in the mounting (medial or lateral) and the hand used, the participants had to grasp the bar with an overhand (pronated) or underhand grip (supinated) to place the blue end into the opening comfortably (Rosenbaum and Jorgensen, 1992; Marangon et al., 2011) . In half of the trials the marked end of the bar was placed to the left, the other half to the right. Therefore, as for the tools, the grip to comfortably use the bar had to be adjusted according to the demands of the task. The order of orientation was randomized across the experiment. A small sign at the top of the mounting showing either the letters "B" (for "benutzen," the German word for "use") or "T" ("transportieren" for "transport") indicated which task the participants had to perform. This setup resulted in four different main conditions: (1) tool use, a functional grip and movement of a known object; (2) tool transport, a nonfunctional grip and movement of a known object; (3) bar use, a functional grip and movement of a neutral object; and (4) bar transport, a nonfunctional grip, and movement of a neutral object.
The experiment had a rapid event-related design with 200 trials per run. Each of the four conditions was comprised of 40 trials (four repetitions for each tool or each bar), resulting in 160 condition trials and 40 control trials. During the control trials, an empty compartment of the tool carousel was shown, these trials served as a control condition for the comparison in the statistical analysis. To ensure an optimal trial order, the Genetic Algorithm toolbox (Wager and Nichols, 2003) for eventrelated designs was used to create a randomized trial order for each run. The order of objects was randomized across subjects.
Each trial consisted of a planning phase with a duration of 2-6 s in which the object and the cue for the action was presented, followed by an execution phase in which a green light triggered the start and the duration of the cued action. When light was turned off after 4 s, the participants had to stop the action and to return the object to the mounting in maximum 2 s time (return phase) (Fig. 1D) . During the intertrial interval (varying equally between 1 and 2 s), the "Tool-Carousel" was turned to present the next stimulus. In half of the trials of each condition, no green light appeared, resulting in 80 action and 80 no-action trials. The order of trials with and without the green light and also the time of the onset of the green light (2-6 s) varied randomly across the run, making it impossible for the participants to predict, if a trial is an action or no-action trial.
Procedure. Before the fMRI measurement, all participants had to answer a questionnaire, checking their knowledge about the objects used in the experiment and how familiar they are with the usage. Here the participants had to name the object, state if they know the function of the object (scale ranging from 0 ϭ not at all to 3 ϭ yes, very well), how to use it (scale ranging from 0 ϭ not at all to 3 ϭ yes, very well), how often they have used it (scale ranging from 0 ϭ never to 3 ϭ often), how regularly they use it (scale ranging from 0 ϭ never to 4 ϭ daily), how often they have to use it during their job or studies (scale ranging from 0 ϭ never to 4 ϭ very often), if it is an essential object for their daily life (0 ϭ not at all to 2 ϭ very much) and if they own the object.
Experimental procedures and tasks were explained to the subjects via a video instruction on how the different objects are thought to be used and transported followed by a training of all tasks while already laying comfortably in the scanner. The position of the "Tool-Carousel" was adjusted according to the participants' individual size and arm length to ensure that all objects could be used comfortably and according to the instructions. No instance was observed when an object could not be properly grasped or used due to the mounting of the object acting as an obstacle. Participants were asked to do the actions at least once and perform the task carefully without rushing, to avoid short and quick movements, which could disturb data acquisition. The manipulation of all experimental conditions was trained with all objects until participants were able to perform all tasks accurately with both left and right hand in the given time of the execution phase. During the fMRI measurement, Presentation Software (Neurobehavioral Systems) was used to give acoustic instructions via headphones on timing of trials to an operator within the scanner room. The operator exchanged task cues and objects for each trial and turned the "Tool-Carousel" on the acoustic cueing. The subjects received no acoustic simulation. A camera placed at one end of the MRI scanner recorded the hand movements and workspace of the participants.
Video analysis. The recordings of the camera were used to rate the participants' performance and to evaluate the accuracy of the onset of trials and the duration of hand movements. For the performance rating, the number of errors was counted per participant. One type of error included general task errors and was rated with the scale 0 -1: a score of 1 meaning the task was performed according to the cue. For the use conditions, the grip and movement errors were counted. Grasping errors were also rated with the scale 0 -1: a score of 1 was given if a functional grip was used to manipulate the object. In case of the tools, the object had to be held on the nonfunctional end with a hand position, enabling the participant to manipulate the tool as usual (e.g., grasp the handle of the hammer or hold the pen in the learned writing position). The correct grip was shown to the participants in the introduction video before the testing. If a subject held the tool in an uncommon way not according to the instructions, the trial was scored with a 0. In the condition bar use, a functional grip was achieved if the participants discriminated between an overhand or underhand grip dependent on whether the blue marked end of the bar was on the medial or lateral side (Rosenbaum and Jorgensen, 1992; Marangon et al., 2011) . Another scored aspect of the task was the correct movement performed with the object (scale 0 -1). If the subjects moved the object according to its function and how it was shown to them in the instruction, the trial was scored with 1. On the other hand, if the movement was not executed correctly or incomplete (e.g., only moving a tool to the target without the function specific movement or not placing the marked end of the bar in the opening), the trial was scored with 0. Additional to the use condition, also the transport condition was rated. This condition was performed correctly if the object was grasped, lifted, and returned as instructed before the experiment. It was evaluated if a functional grip (as in the use condition) or a nonfunctional transport grip was used. The latter was shown in the introduction video and included grasping the tool in the middle to lift it, but no further toolspecific grip adjustment. In the end, the observations of both runs were averaged for all subjects for each error category.
Even though the participants were asked to perform the movement during the execution phase while the green light was on and return the object when the light was turned off, it cannot be guaranteed that the durations of the hand movements are exactly the same in all trials and participants across the experiment. Therefore, next to the general task performance, also the timing of each individual participant was determined in a video analysis. A motion detection analysis was done with a MATLAB (Release 2012a, MathWorks) based script. One search area and one reference area were selected in each video. The search field included the pixels covering the workspace and hands of the participant, and the reference field included a part of the bore of the MRI scanner where no hand or any other movement occurred. The videos were converted to single picture frames (12.5 frames per second); and to detect motion, the pixels of the search and reference fields of one picture frame were subtracted from the pixels from the following picture frame. The mean across all pixels of these differences was saved as a vector representing a time course of changes in the search and reference field, respectively, for each subject. A movement was detected if the value exceeded a certain threshold. This threshold was calculated for each subject individually and represented a mean value of a time period of 4 s from the beginning of each run in which no hand movement occurred. The results from the motion detection from the reference field only show peaks when the action signal (green light) was turned on and off. This information was used to confirm that the detected hand movements in the search field were related to the task and represent the action in the execution phase. Correct performance of the automatized motion detection was verified by visual inspection. In general, subjects' movements filled the 4 s execution time in all conditions. Quantitative analysis revealed that the mean time across subjects needed for the tool condition was 4.2 s, for bar 4.0 s, for use 4.4 s and for transport 3.8 s. These results led to a significant ( p Ͻ 0.05, Bonferroni corrected for two comparisons) difference in duration of 0.2 s for the comparison of objects and 0.6 s for the comparison of the task. The periods of each subject's hand movements were introduced into the first-level analysis to ensure an accurate modeling of events and to control for the variance in duration across conditions (this process is explained in more detail in fMRI analysis).
MRI measurement. All fMRI measurements were performed on a Siemens 3 Tesla Verio MRI scanner. T1-weighted anatomical images were acquired with the MP-RAGE sequence, whereas the BOLD echo-planar images were measured using a T2*-weighted gradient echo sequence with the repetition time TR ϭ 2000 ms, echo time TE ϭ 30 ms, field of view ϭ 192 mm, flip angle ␣ ϭ 90°, matrix ϭ 64 ϫ 64, slices ϭ 35, slice thickness ϭ 3 mm and voxel size ϭ 3 mm ϫ 3 mm ϫ 3 mm.
fMRI data analysis. The entire data analysis was performed with SPM8 (Statistical Parametric Mapping software; Wellcome Department of Imaging Neuroscience, London; http://www.fil.ion.ucl.ac.uk). Before entering the statistical analysis, the fMRI data were preprocessed by using a slice time correction, realigning the images to correct for movement artifacts, coregistering the anatomical, and normalizing all images to standard space (Montreal Neurological Institute, see SPM software).
Thereafter, the functional datasets were smoothed with a Gaussian kernel of 8 mm for group analysis.
The statistical analysis was performed at two levels. At the first level for each subject, the onsets of each condition were modeled in a GLM as events, which are represented as stick functions and convolved with the hemodynamic response function. The design matrix comprised two sessions, representing the runs in which the subjects used the right or the left hand, respectively. The design matrix for one run was composed of 15 regressors representing the experimental conditions and six regressors comprising the realignment parameters. The 15 condition regressors included a separate regressor for the planning phases of each condition for the no-action trials as well as the action trials (two times: tool use, tool transport, bar use, bar transport). Four additional regressors modeled the execution phase of the action trials of all conditions as events. The 13th regressor represents the control condition. The 14th modeled the individual trials in which the subjects made errors. The last regressor included the duration of hand movement, which was detected for each subject individually by the motion detection analysis of the video recording. This regressor, therefore, covers the hand movement during the execution phase and return phase of all conditions in one. Because this study does not aim to analyze the basic sensorimotor processing of movements, the purpose of this regressor is to explain the variance in the data, which is caused by the duration of hand movements the subjects need to perform the different tasks and to return the objects. To verify that this regressor explains mainly basic sensorimotor processes as during the period of hand movement, a second-level one-sample t test of this regressor was performed.
At the second level for the main activation analysis, contrast images of each participant were entered into a 2 ϫ 2 ϫ 2 factorial design with the factors object (level: tool or bar), task (level: use or transport), and hand (level: right or left). Separate second-level analyses were performed for the main effects and interactions of the planning and execution phase, respectively. The contrast images which entered the factorial design included the comparisons of each condition separately to the control condition. The second-level analysis of the planning phase comprised the contrast images of the no-action trials only, which eliminates the influence of actual movement in this data analysis. The analysis for the execution phase includes the contrast images of the action trials only. A brain mask was created for action planning and execution and applied to the second-level analysis, including the added activations of all conditions compared with the control condition at a threshold of p Ͻ 0.001. The anatomical labeling of the results was done with the Anatomy Toolbox (Eickhoff et al., 2005) and the graphical display of the statistical maps with the BrainNet Toolbox (Xia et al., 2013) . Bar plots showing the contrast estimates of peak activations of clusters at a threshold of p Ͻ 0.05 (and family-wise error [FWE] correction) were constructed to display activations toward the control condition for all four conditions separately.
Laterality index (LI).
To evaluate the laterality of the tool use and action network the LI was calculated with the LI toolbox (Wilke and Lidzba, 2007) for each condition and each subject on a first-level basis to test the laterality across the group. Additionally, the LIs of the activation maps of the second-level analysis were estimated. Because the LI is strongly dependent on the threshold used for the images in the analysis, the bootstrap method was used as recommended by the developers of the toolbox (Wilke and Schmithorst, 2006; Seghier, 2008) . The bootstrap method creates 10,000 LIs, which are calculated at a range of different thresholds. Taking the results from the different thresholds into account, a weighted LI is calculated. These values range from Ϫ1 (right sided lateralization) to 1 (left-sided lateralization). To analyze the laterality of the network in more detail and ensure that the calculated LIs are not biased by contralateral motor-sensory processing, the calculation for the individual images was performed for the occipital, temporal, parietal, and frontal lobe, whereas the primary sensorimotor cortices were excluded and analyzed separately.
To test for significant difference of LI from zero (zero corresponds to symmetrical activation), a t test of the subjects' LIs was performed for each condition separately. Additionally, the individual LIs were entered into a three-way ANOVA with the three factors object, task, and hand to evaluate significant main effects for each factor.
Results
Behavioral data: questionnaire The questionnaire, which was filled out by the participants before the start of the experiment aimed at measuring if the participants knew the objects used in the experiment and how familiar they are with using them. The median score of the questions testing for tool knowledge (naming the tool, knowing function, and how to use it) was 70 points (range, 66 -70 points). The possible maximum score was 70 points, showing that all participants knew all tools (one scored only 66 because this participant did not clearly recognize one object on the given photo but knew it after clarification). Regarding the bars, the median score was 0 (range, 0 -3 points), showing that participants, as expected, had no prior knowledge of the bar's function or use. Concerning the familiarity of objects, the participants scored a median of 75 points (range, 54 -98 points) for the tools and 0 for the bars. The possible maximum score was 130 points per participant, which would mean that all included tools had to be used on a daily basis during the participants job and daily routine. The minimum score was 0, which would indicate that the object has never been used by the participant before and its usage is not familiar to him or her. All participants owned all of the tools but not the bars, except for two participants, who did not own a lighter. All in all, the results of the questionnaire show that all participants knew the tools and were familiar with using them but did not do so for the bars.
Behavioral data: video analysis
Performance of the participants was evaluated by scoring the video recordings of their hands and the workspace. This evaluation was performed to ensure correct performance according to the cues and instructions and to assess whether functional grips and movements were used. For all conditions, it was evaluated whether the correct action according to the cued experimental condition was performed. In total, the median number of errors was one error (range, 0 -2 errors) per participant (during a total of 400 trials). In the following, only trials in which the correct cued task was performed will be considered. During the tool use condition, the median error score regarding the use of a functional grip was 1 (range, 0 -5 errors), and for mistakes concerning the movement of the tool was 0 (range, 0 -4 errors). There was no significant difference of the number of mistakes made between the two runs. In all trials of the condition tool transport, a nonfunctional grip was used to transport the tool by all participants. The condition bar use was performed correctly by all participants in all trials. The participants made an overhand grip in all possible 20 trials, which required this type of grip. In the 20 trials in which an underhand grip was appropriate, the median number of underhand grips was 19 (range, 20 -13). In the remaining trials, an overhand grip was used. This shows subjects adjusted the grip dependent on the objects properties (is the marked end on the medial or lateral side). The participants made no movement errors in the bar use condition. In the bar transport condition, the same lifting grip was used as in the tool transport condition in all trials.
All in all, the behavioral results showed that the task was mostly performed correctly and that the condition tool use and bar use were performed using a functional grip and movement for each object relative to the goal of the action. On the other hand, during both the condition tool transport and bar transport, a nonfunctional transport grip and movement was used.
Movement duration
To clarify which brain regions are sensitive to possible variations of the movement duration, a second-level analysis was performed. The anatomical location of the peak voxels and the corresponding p values are given in Table 1 . Results are shown with a threshold of p Ͻ 0.05 and an FWE correction. The results of this analysis revealed mainly the sensorimotor cortices of both hemispheres and an occipito-temporo-parieto-frontal network of right, but none of the left, side brain areas involved in tool use as reported below.
fMRI activation analysis
The following section reports the neural responses for the manipulation of tools and neutral objects during action planning and execution and the main effects of the factors object, task, and hand. As a first step, activation caused by all task conditions versus the control condition during action planning was calculated to determine the brain areas necessary for processing the planning of object related manipulations independent of specific functions and object semantics. The activity maps are shown at a threshold of p Ͻ 0.05 with an FWE correction. This analysis showed a left-sided network ( Fig. 2A, top) , including clusters in the temporal lobe, such as the fusiform gyrus (FG) and lateral occipital complex (LOC), MTG, clusters in the parietal lobe (SPL, SMG), including anterior and posterior parts of the intraparietal area, frontal activation, including PMv, PMd, insula lobule, and a cluster in the middle frontal gyrus (MFG). The LI for this contrast is 0.64 for frontal, 0.92 for parietal, 0.69 for temporal, and 0.58 for the occipital lobe, whereas the LI for the sensorimotor cortex is 0.99. The same analysis was performed for the execution phase ( Fig. 2A, bottom) showing a wider bilateral network with additional activations in primary sensory and motor cortex in both hemispheres. The calculated LI for this contrast is 0.45 for frontal, 0.34 for parietal, 0.06 for temporal, and Ϫ0.091 for the occipital lobe, whereas the LI for the sensorimotor cortex is 0.58.
The tool network during actual action planning and execution
To statistically determine the brain regions that are more active for planning actions with known objects (tools) compared with neutral objects (bars), the contrast tool versus bar was calculated and is shown in Figure 2B (top) at p Ͻ 0.05 (FWE corrected). The results showed an overall mainly left-sided activation pattern (LI frontal lobe, 0.75; LI parietal lobe, 0.83; LI temporal lobe, 0.49; LI occipital lobe, Ϫ0.38; LI sensorimotor cortex, 0.84). Additional to clusters in inferior occipital gyrus, the LOC, MTG, and FG were activated. In the parietal cortex, the SPL, SMG, and the inferior parietal lobe, including the AIP, showed a specification for the tool conditions compared with bars. A frontal cluster was located in the PMd and is listed in Table 2 with the other results. No specific region was activated for the opposite contrast bars versus tools during action planning. The execution phase was analyzed in the same way (Fig. 2B,  bottom) . The contrast tool versus bar revealed activation differences in the same temporal, parietal, and frontal regions as during the planning phase, but to a larger extent and with additional clusters in the PMv, PMd, insula, MFG, primary sensory, and motor cortex. The network is still lateralized to the left, although to a lesser extent due to the recruitment of the right-sided areas while executing actions with the left hand. Because the condition bar also required hand movements, contrast differences in primary motor activation were however not significant. The anatomical locations of the clusters and the statistical values of the peak voxel in all clusters of both contrasts can be found in Table  2 . The reverse contrast bar versus tool for execution phase did not show significant clusters surviving at this threshold.
Neural correlates of using objects and the knowledge of how to use a tool
To study the influence of the manipulation type on the action network, we focused on the factor task in this part of the analysis. To define the brain regions engaged in functional tool use and object manipulation independent of the specific object type, the contrast use versus transport was calculated. This analysis was performed for both planning phase and execution phase. For the planning phase, two clusters were found only at a threshold of p Ͻ 0.001 (uncorrected). One was located in left SPL and the other in the left PMd. The uncorrected activation map of the planning phase is shown in blue as an overlay on the activation map of the execution phase in Figure 3A . The corresponding uncorrected p values of the peak voxels are listed in Table 2 . The activation map of the execution phase is shown at p Ͻ 0.05 with an FWE correction (red color scale). The network involved in controlling a functional grip and the manipulation of an object included the left LOC, a cluster in the left lateral part of the superior occipital gyrus (SOG) close to the parietal-occipital sulcus, SPL, and left PMd, the latter two matched the areas also described for the planning phase. Additionally, primary sensory and motor cortices were more active during the use than during the transport of an object. This network for functional use, including the grip and specific movements, was mainly lateralized to the left hemisphere, except for a cluster in the right SPL resulting in the following LIs: LI frontal lobe, 0.76; LI parietal lobe, 0.76; LI temporal lobe, 0.81; LI occipital lobe, 0.85; LI sensorimotor cortex, 0.68. The contrast estimates and 90% CI of each of the four experimental conditions versus control condition were plotted for regions of interest (Fig. 3A) . Compared with the control condition, all regions were activated in all separate task conditions, but the responses were higher for the condition use compared with transport independent of which object was used. However, the use of tools in all regions produced a higher response than the condition bar use.
To define the brain regions coding function-specific tool knowledge during execution, the interaction between the factors object and task was calculated ((tool use Ϫ tool transport) vs (bar use Ϫ bar transport)). To restrict the analysis to regions with the highest sensitivity to tool use, but not to the other three conditions, the interaction was masked with the intersection of the three contrasts: tool use versus tool transport, tool use versus bar use, and tool use versus bar transport (threshold for the masking contrasts was p Ͻ 0.001 uncorrected). These regions therefore showed the highest sensitivity for the use of tools compared with goal-directed manipulation of neutral objects and do not reveal object-specific activations for nonfunctional transport actions. The other three conditions (tool transport, bar use, and bar trans- port) were not significantly different from each other. The statistical map is shown in Figure 3B at p Ͻ 0.05 (FWE corrected). In addition to a cluster in the posterior MTG clusters were detected in the middle occipital gyrus close to V5, PMv, in a posterior part of the SMG, and the medial part of the SOG. Additionally, a cluster in the left postcentral gyrus showed an interaction. This network included exclusively left-sided clusters, which are listed in Table 2 . The contrast estimate and 90% CI of each of the four experimental conditions versus control condition were plotted for the regions of interest (Fig. 3B) . The LIs for the interaction are 0.31 for the frontal lobe, 0.65 for the occipital lobe, 0.77 for the parietal lobe, 0.035 for the sensorimotor cortex, and 0.52 for the temporal lobe. The same analysis for the planning phase or any other interaction between the factors object and task revealed no significant clusters surviving a threshold of p Ͻ 0.05 with an FWE correction.
Handling tools with the dominant and nondominant hand
The results above for the combined data of the right and left hand showed a left-lateralized tool network for action planning and execution independent of the used hand. To compare the structure of the action network for the dominant and the nondominant hand (in our case right and left hand, respectively), the contrasts right versus left and left versus right were calculated. No significant differences were found in the planning phase at a threshold of p Ͻ 0.05 (FWE corrected) for both contrasts. The direct comparison of both conditions for the execution phase revealed for the contrast right versus left, as could be expected, a cluster in the left motor cortex (Fig. 4) . The calculation of the LIs revealed a value of 0.94 for frontal lobe, Ϫ0.47 for occipital lobe, 0.18 for parietal lobe, 0.96 for sensorimotor cortex, and 0 for temporal lobe. The reverse contrast (left vs right) revealed a leftsided activation pattern next to a strong cluster in the right motor cortex and SMA; the activations include temporal (superior temporal gyrus, MTG, ITG), inferior parietal (SMG, AIP), and several frontal areas (MFG, PMd, PMv). The following LIs were calculated for this contrast: 0.80 for frontal lobe, 0.89 for occipital lobe, 0.93 for parietal lobe, Ϫ0.43 for sensorimotor cortex, and 0.95 for temporal lobe. The interactions between the factors hand and object or task did not reveal significant clusters surviving a threshold of p Ͻ 0.05 with an FWE correction.
LI
To verify the lateralization of the network relevant for planning and execution actions with tools and neutral objects across subjects, the LI for all lobes and conditions was calculated separately, tested for significance, and compared for the factors object, task, and hand. The mean LI and p value for all conditions and lobes are shown in Table 3 for action planning and execution. The mean LI, p value, and F value of main effects for each factor are shown in Table 4 for the planning phase and execution phase. The results indicate a significant left-sided lateralization during action planning in the parietal lobe, temporal lobe, and sensorimotor cortex in almost all conditions. During action execution, a significant left-sided lateralization is obvious for all use conditions in the frontal lobe and for tool use right and left and bar use left in the parietal lobe. A right-sided lateralization could be found for the right-hand conditions in the temporal lobe. In the sensorimotor cortex, a clear left-sided lateralization can be found in the right-hand condition, whereas the left-hand condition shows a weak right-sided lateralization, which is only significant for the condition bar transport left. The comparison of factors show for the planning phase a significant main effect for the factor object with a higher left-sided lateralization for tool than bar in the frontal, parietal, and temporal lobe as well as in the sensorimotor cortex. During action execution, a stronger leftsided lateralization is found in the parietal lobe for the condition tool compared with bar and in all areas for use compared with transport. A significant main effect for the factor hand can be found in the temporal lobe (stronger left-sided lateralization for left than right), occipital lobe (stronger left-sided lateralization for left than right), and the sensorimotor cortex (stronger leftsided lateralization for right than left). In summary, this analysis shows that especially the process of action planning, but also the execution of object use, is left-lateralized.
Discussion
The current study aimed to describe the neural bases of actual tool use by investigating planning and executing actions with known tools and neutral objects for the dominant and nondominant hand. A wide strongly left-lateralized network was identified, including parietal and frontal areas and areas of the ventral stream in addition to the obligatory primary sensorimotor areas as related studies have reported (Inoue et al., 2001; Hermsdörfer et al., 2007; Gallivan et al., 2013a) . More specifically, we are able to extend the characterization of three previously reported posterior streams (Milner and Goodale, 2008; Binkofski and Buxbaum, 2013) with distinctive functions in real tool use: the ventral stream that is relevant for processing semantic tool information and object properties, a dorso-dorsal pathway that is relevant for online monitoring the grip and movements of objects during complex actions, and, additionally, a ventro-dorsal pathway that is specifically involved in processing known object manipulations, such as tool use.
Direct evidence for the separation of the dorsal stream in two processing pathways By looking at complex goal-directed actions irrespective of object identity compared with simpler actions, we are able to define areas that are increasingly recruited for monitoring the online control of demanding object manipulations. The comparison of the condition use and transport showed higher activations in left SPL, PMd, SOG, and LOC. In previous research, Martin et al. (2011) noted that additional to other areas left-and righthanders show activity in SPL, reaching from the posterior parietal sulcus to the parietal-occipital sulcus and in PMd during grip selection and grasp planning. The cluster in the SOG of our results is close to the superior parietal occipital complex, which several studies have described as an important cerebral region in reach-to-grasp actions in humans (Cavina-Pratesi et al., 2010; Monaco et al., 2011) . A stronger recruitment of these "grip regions" could be based on the fact that the selection of a functional grip is more demanding and complex than a simpler transport grip (Verhagen et al., 2013) . Furthermore, it might not only be the complexity and the intended goal of the performed action, which is specific for each of the two conditions, but also the process of action selection. Because the same action was performed during the transport condition for all trials but a variety of different actions during the use condition, we can assume that the found neuronal circuit might also be involved in the action selection process. Additionally, it is important to say that all stated regions have been mentioned as being part of the dorso-dorsal pathway described by Binkofski and Buxbaum (2013) . The dorso-dorsal pathway is running from the visual area V6 to the SPL ending in the PMd (Rizzolatti and Matelli, 2003) . It is necessary for monitoring correct reaching and grasping movements to handle an object dependent on the object's properties (Grol et al., 2007) . The increased load of online control and necessary movement adjustments during the use condition, irrespective of object type compared with the transport, could be the reason that the pathway along the SOG, SPL, and PMd is recruited stronger (Glover et al., 2005 (Glover et al., , 2012 Striemer et al., 2011) . As our results show, SPL and PMd are not only relevant for the online control of monitoring actions but possibly also for planning demanding actions. Even though the comparison of planning the use and transport of actions did not survive the correction for multiple testing, it is interesting to see that a similar activation pattern can be found for planning and executing complex actions. Interestingly, next to these dorsal stream areas, also the LOC of the ventral stream is sensitive for using known but also neutral objects. Its involvement in object recognition and therefore in tool-related tasks is known (Grill-Spector and Malach, 2004; Vingerhoets, 2008; Wurm et al., 2012) . Additionally, it seems to be relevant for processing the dimensions of neutral objects, which are relevant for grasping (Monaco et al., 2014) and also when viewing unfamiliar or infrequently used tools compared with familiar tools (Vingerhoets, 2008) . LOC coactivation with the dorso-dorsal stream in the use condition indicates its relevance for calculating object properties necessary to manipulate objects independent of their identity or familiarity and monitor the online control of actions with these objects.
With the analysis of the interaction of object and task, we are able to isolate a network specifically relevant for tool use. This network includes the middle occipital gyrus close to V5 and clusters covering parts of the SMG, postcentral gyrus, and PMv of the left hemisphere. The areas are in line with the description of the ventro-dorsal stream (Binkofski and Buxbaum, 2013), which is suggested to run from the medial superior temporal area (MT/ MST) to the inferior parietal lobule and the PMv (Rizzolatti and Matelli, 2003; Buxbaum and Kalénine, 2010; Binkofski and Buxbaum, 2013) . It is thought to be important for processing the knowledge of specific learned object manipulations, such as tool use Buxbaum and Kalénine, 2010) . Especially parietal structures show strong influence in coding actions particularly related to tools (Valyear et al., 2007 Vingerhoets et al., 2009; Verhagen et al., 2012; Peeters et al., 2013) . This also seems to be true for the PMv, which is suggested to monitor the hand posture relevant for actions with a tool (Vingerhoets et al., 2013) . Patients suffering from apraxia, with difficulties in grasping and using tools or performing pantomime of use, usually have lesions in inferior parietal cortex and additionally inferior frontal areas (Goldenberg and Spatt, 2009; Kalénine et al., 2010; Randerath et al., 2010) . Our results underline these findings and support the relevance of the ventro-dorsal pathway in tool use. Additionally, we show that it is coactivated with MTG, a ventral stream area. Its role in processing semantic information suggests a strong connection to the ventro-dorsal stream during goal-directed actions with known objects. All in all, we can show that both the dorsodorsal but also the ventro-dorsal stream are activated with different ventral stream areas during actual object manipulations and tool use, which indicates that information from both ventral and dorsal stream has to be integrated for complex actions. A functional connection seems to be probable because structural connections between MTG and SMG have been found in a Diffusion Tensor Imaging study, which aimed to find structural connections between regions relevant for tool use pantomime (Ramayya et al., 2010) . Further connectivity analysis would be needed to prove and investigate the influence of ventral stream areas on the dorsal pathway, especially during tool use.
The tool network during actual action planning and execution is largely common for dominant and nondominant hand In our study, we are able to measure brain areas more active during planning and executing tool actions compared with performing goal-directed movements with neutral objects. The specific planning of tool manipulations recruits a mainly left-sided parietal and occipitotemporal network. Ventral stream activa- tions in the LOC, MTG, and FG are relevant for object recognition and processing semantic knowledge of a tool (Milner and Goodale, 2008; Valyear and Culham, 2010) . The left parietal cortex is known to be almost invariably involved in tool actions (Lewis, 2006) . We show here that core regions of the parietal cortex (SPL, AIP, and SMG), essential for tool manipulations, are already recruited during preparation of actual execution. The relevance of the parietal cortex in action planning of grasping and using was emphasized by studies of Gallivan et al. ( , 2013a using pattern classification to decode movement intentions, as well as other literature focusing on planning of tool use pantomime (Johnson-Frey et al., 2005; Kró liczak and Frey, 2009; Vingerhoets et al., 2011) . The execution of tool manipulations recruits a larger network with additional involvement of frontal areas, such as PMv, MFG, and insula. Frontal areas are known to be relevant for realizing motor plans, including grasping movements (Cavina-Pratesi et al., 2010; Gallivan et al., 2013a Gallivan et al., , 2013b and executing tool use pantomime (Johnson-Frey et al., 2005; Kró liczak and Frey, 2009; Vingerhoets et al., 2011) .
A feature of the action network seems to be its left-sided asymmetry. Our results strongly support the finding that, in righthanders, planning and executing object manipulations is mainly processed by the left hemisphere, independent of the used hand. Interestingly, the lateralization is stronger while planning actions with tools than bars and for using compared with transporting during execution, which indicates a changing network structure during the time course of an action. Different from other studies (Moll et al., 2000; Choi et al., 2001; Kró liczak and Frey, 2009; Jacobs et al., 2010) , we found stronger activations during action execution with the nondominant hand compared with the dominant one. We assume that stronger left-sided activations are caused by an increase of recruitment of the action network in order for the untrained hand to perform as skilled and as dexterous as the right hand. Additionally, the unfamiliarity of left-hand actions might result in higher activations.
A new device to study neuronal processes of real actions Our results provide direct evidence for the multifaceted nature of neural mechanisms underlying complex actions, such as tool use. This analysis was enabled by the use of a new device, the "ToolCarousel," which allows studying the influence of different factors on real actions. The use of a mirror system in this study and the therefore added visual transformations create a limitation to the application, which should be avoided if the scanner environment allows it.
In conclusion, we successfully investigated actual tool and object manipulation using the "Tool-Carousel." We can identify activation patterns representing tool knowledge, goal-directed actions, object grasping, and manipulation of tools and objects, including frontal, parietal, and temporal centers. Preparatory activations were strongly lateralized to the left brain and remained active during actual task execution. Handling tools versus neutral bars and using an object versus transportation strengthen the lateralization of the action network toward the left brain. The results support the assumption that the dorso-dorsal pathway is relevant for monitoring the manipulated objects independent of prior knowledge about the object. On the other hand, regions of the ventro-dorsal pathway code the specific knowledge of how a known object (e.g., a tool) has to be used. Additionally, our study brings about the question of how exactly the ventral areas LOC and MTG connect with the two dorsal pathways during real actions and especially tool use.
